To understand the role of cytokine and growth factor receptor-mediated signaling in leukemia pathogenesis, we designed a functional RNA interference (RNAi) screen targeting 188 cytokine and growth factor receptors that we found highly expressed in primary leukemia specimens. Using this screen, we identified interleukin-2 gamma receptor (IL2Rγ) as a critical growth determinant for a JAK3 A572V mutation-positive acute myeloid leukemia cell line. We observed that knockdown of IL2Rγ abrogates phosphorylation of JAK3 and downstream signaling molecules, JAK1, STAT5, MAPK and pS6 ribosomal protein. Overexpression of IL2Rγ in murine cells increased the transforming potential of activating JAK3 mutations, whereas absence of IL2Rγ completely abrogated the clonogenic potential of JAK3 A572V , as well as the transforming potential of additional JAK3-activating mutations such as JAK3 M511I . In addition, mutation at the IL2Rγ interaction site in the FERM domain of JAK3 (Y100C) completely abrogated JAK3-mediated leukemic transformation. Mechanistically, we found IL2Rγ contributes to constitutive JAK3 mutant signaling by increasing JAK3 expression and phosphorylation. Conversely, we found that mutant, but not wild-type JAK3, increased the expression of IL2Rγ, indicating IL2Rγ and JAK3 contribute to constitutive JAK/STAT signaling through their reciprocal regulation. Overall, we demonstrate a novel role for IL2Rγ in potentiating oncogenesis in the setting of JAK3-mutation-positive leukemia. In addition, our study highlights an RNAi-based functional assay that can be used to facilitate the identification of non-kinase cytokine and growth factor receptor targets for inhibiting leukemic cell growth.
INTRODUCTION
Despite the great strides that have been made in the treatment of acute myeloid leukemia (AML), current therapies are largely empirical, and drug resistance is common. Prognosis is generally poor, with a 5-year survival rate of o 30% with conventional chemotherapy. 1 Current therapeutic challenges stem primarily from the molecular heterogeneity found in AML, with the majority of disease-causing therapeutic targets still unknown. This underscores the need for rapid identification of candidate target genes and signaling pathways, so that targeted therapy can be tailored for these patients.
Cytokines, growth factors and their receptors are known to have important roles in cell survival, proliferation, differentiation and immune response in normal and cancer cells. [2] [3] [4] Substantial evidence indicates that deregulation of growth factor and cytokine signaling contributes to leukemogenesis through aberrant activation of kinase-driven signaling pathways. 2, 5 For instance, the role of interleukin-7 receptor mutants in lymphoid differentiation has been demonstrated through the activation of the JAK/signal transducer and activator of transcription (STAT) pathway. 6 Mutation in the thrombopoietin receptor MPL, a JAK2 kinase-regulating receptor, is involved in myeloproliferative syndromes. 5, 7 Similarly, elevated interleukin (IL)-3 receptor expression causes JAK/STAT activation and is associated with poor clinical outcome in AML. 8 Further, pharmacological targeting of these cytokines/cytokine receptors has proven to be efficacious in treating immune and inflammatory diseases. 9 Additional studies demonstrated the potential therapeutic relevance of cytokines in various hematopoietic malignancies, including AML. 10 For example, increased CD47 expression has been demonstrated as an independent, poor prognostic factor in AML that can be targeted directly with blocking monoclonal antibodies. 11 These results warrant a more rapid and systematic analysis of cytokine and growth factor receptors to identify their roles in disease pathogenesis and potential exploitation as novel targets for tailored therapeutics in leukemia.
In order to identify the functional and therapeutic relevance of targeting cytokine and growth factor receptors that are critical for leukemia cell growth, we established a novel functional RNA interference (RNAi)-based assay targeting 188 non-kinase cytokine/growth factor receptors and associated proteins. To make this assay amenable to various subtypes of leukemias, we choose highly expressed cytokine/growth factor receptors and associated proteins from various hematopoietic malignancies. To show applicability of this assay, we utilized an AML cell line model and identified interleukin-2 gamma receptor (IL2Rγ) as a functional hit in JAK3-mutation-positive AML.
IL2Rγ is known to regulate the signaling of the JAK3 nonreceptor tyrosine kinase in normal cells in a ligand-dependent manner. The IL2Rγ subunit is shared by several heteromeric cytokine receptors, including IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, and is important for the development of lymphoid cells. 12 The association of JAK3 with IL2Rγ is a functionally significant event for these cytokines to exert downstream signaling. Once the receptors are engaged by their ligands, conformational changes lead to the activation as well as auto-and trans-phosphorylation of JAK1/JAK3, followed by recruitment and JAK3-mediated phosphorylation of STAT factors. Phosphorylation of STAT factors allows their translocation to the nucleus to regulate the transcription of a wide variety of genes. 13 The importance of JAK3 and IL2Rγ in lymphocyte functions is underscored, as inactivating mutations of either IL2Rγ or JAK3 results in a disease similar to severe combined immunodeficiency. [14] [15] [16] Several studies have reported JAK3 mutations in hematopoietic malignancies, such as in adult T-cell leukemia/lymphoma, cutaneous T-cell lymphoma, natural killer/T-cell lymphoma, T-cell acute lymphoblastic leukemia (ALL), T-cell prolymphocytic leukemia, juvenile myelomonocytic leukemia and AML, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] as well as in solid tumors such as breast and gastric carcinoma. 19 In AML, the frequency of JAK3 mutations is 3.9% (19/483) and it has been mostly observed in acute megakaryoblastic leukemia in either children with Down syndrome or adults without Down syndrome. 20 Previous studies have demonstrated that activating mutations in JAK3 promote constitutive activation of STAT5. 23 However, the molecular mechanism or the specific receptor regulating mutant JAK3 activity in this context is not known.
Here, utilizing a functional small interfering RNA (siRNA) screen we identified a potential regulatory role for IL2Rγ in the activation of JAK3 in JAK3-mutation-positive leukemia cells and demonstrated a novel oncogenic role of IL2Rγ in these cells. This approach will be applicable to the identification of cytokine/ growth factor receptors that are crucial for cancer cell growth in a wide variety of leukemia types, and this approach will identify new target genes irrespective of the mutational status of the gene.
RESULTS

Development of a functional RNAi screen panel targeting nonkinase cytokine and growth factor receptors
We developed an RNAi screen to assay the functional relevance of signaling mechanisms driven by non-kinase cytokine and growth factor receptors in cancer. To prioritize gene targets relevant for various hematological malignancies, we utilized microarray expression data collected from 141 leukemia patient samples including AML, B-cell ALL, T-cell ALL, chronic lymphocytic leukemia and myelodysplastic syndrome. The data set was analyzed for 1002 cytokine and growth factor receptors and associated proteins (Supplementary Table S1 ). A total of 188 cancer-related genes were selected for inclusion in our siRNA screen panel based on the filtering criteria described in Materials and Methods. This final panel of 188 genes includes receptor families and associated proteins for interleukins, toll-like receptors, tumor necrosis factors, interferons, G-protein-coupled receptors, growth hormone receptors and receptors associated with cell differentiation (Figure 1 ).
IL2Rγ is a functional hit in JAK3
A572V -positive AML cells Activating JAK3 mutations have been reported in various hematopoietic malignancies; 17, [19] [20] [21] [22] [23] [24] [25] [26] however, a systematic analysis was not performed to identify the receptor regulating JAK3 kinase activity in this setting. Therefore, to demonstrate the utility of our siRNA screen and to query upstream receptors that regulate mutant JAK3 signaling, we interrogated the CMK cell line, which is derived from an acute megakaryoblastic leukemia patient (M7 stage of AML) with Down syndrome and harbors an activating JAK3 kinase mutation, A572V. 23 Utilizing our RNAi screen, we identified that knockdown of IL2Rγ and colony-stimulating factor-2 receptor, beta (CSF2RB) resulted in significantly decreased viability of CMK cells (Figure 2a ; Supplementary Table S2) . These results were independently validated with individual knockdown of IL2Rγ resulting in an 80% reduction of CMK cell viability and a 20% increase in apoptosis as compared with the non-silencing siRNA control (Figures 2b and c) . Similar effects were observed on the growth of CMK cells when we utilized four independent IL2Rγ siRNAs (Supplementary Figure S1A) . Further, the effect of IL-2Rγ knockdown on the growth of AML cells is specific to JAK3-mutation-positive cells, as no effect on cellular growth was observed after silencing of IL2Rγ in the JAK2-mutation-positive HEL cell line (Supplementary Figure S1B) . This reduction in cell viability was similar to that resulting from knockdown of JAK3. Importantly, silencing of other polypeptide chains of the IL-2 receptor (IL2Rα and IL2Rβ) had no effect on cell viability and phosphorylation of JAK3 (Figures 2b,c; Supplementary Figure S1C ), suggesting IL2Rγ is critical for the growth of leukemia cells harboring mutationally activated JAK3. CSF2RB was identified as a secondary hit (60% reduction in viability) as it had a less profound effect on cell growth as compared with IL2Rγ (Figures 2b and c) . Knockdown of CSF2RB reduced phosphorylation of JAK2, STAT5, ERK1/2 kinases and S6 ribosomal protein with no effect on JAK3 phosphorylation (Supplementary Figure S2) . As CMK cells have an activating JAK3 kinase mutation and IL2Rγ regulates JAK3 kinase phosphorylation, we focused on the role of IL2Rγ in JAK3-mutation-positive cells. M511I with or without IL2Rγ. Notably, we found that the robust colony formation ability of JAK3 A572V and JAK3 M511I mutants that was observed in the presence of IL2Rγ was completely abrogated in the absence of IL2Rγ. In contrast, IL2Rγ expression had no effect on colony formation in cells co-expressing either JAK3
WT or an inactivating JAK3 FERM domain mutation (JAK3 Y100C ). 13 These results suggest that IL2Rγ is necessary for JAK3 mutant-mediated transformation and support the notion that the oncogenic potential of mutant JAK3 kinases is strongly stimulated by this upstream cytokine receptor (Figure 3b ). We performed gene expression profiling using mononuclear cells from bone marrow and peripheral blood of 141 leukemia patient samples. This data set was analyzed for 1002 genes encoding cytokine and growth factor receptors and associated proteins. A total of 188 cancer-related genes were selected for inclusion based on the following filtering criteria. First, genes consistently upregulated compared with the average gene expression of the 100 normalization control probe sets (provided by Affymetrix) in all subjects within each subtype of disease were selected and ranked by average gene expression value. Top 15% genes from all tested disease subtypes were selected and pooled for inclusion. These genes were designated as highly expressed genes. In addition, known cancer-related growth factor genes, based upon evidence found in the literature, were also included. (b) siRNA library comprising 188 genes, including non-kinase cytokine and growth factor receptor families and associated proteins for interleukins, toll-like receptors, tumor necrosis factors, interferons, G-protein-coupled receptors, growth hormone receptors and receptors associated with cell differentiation. in Ba/F3 cells with IL2Rγ revealed increased phosphorylation of JAK3, JAK1, STAT5, ERK1/2 and S6 ribosomal protein in cells expressing activating JAK3 mutants, but had no effect on cells expressing wild-type JAK3 or the inactivating FERM domain mutant JAK3 Y100C (Figure 4c ). These results suggest that IL2Rγ is a critical regulator of JAK3 kinase signaling in leukemia cells harboring activating JAK3 mutations. We also observed that knockdown of either IL2Rγ or JAK3 led to reciprocal reduction of protein levels in CMK cells (Figure 4a ). These results were also validated at the transcript expression level by quantitative PCR (Figure 4b ). In addition, co-expression of activating JAK3 mutants and IL2Rγ in murine Ba/F3 cells led to elevated levels of both JAK3 and IL2Rγ compared with those in JAK3-mutant-only cells and in cells co-expressing wild-type or kinase-inactive JAK3 with IL2Rγ (Figure 4c ), suggesting reciprocal regulation of their expression. Interestingly, cells expressing the JAK3 Y100C mutant, which is incapable of interacting with IL2Rγ, exhibited reduced expression of both JAK3 and IL2Rγ, implying that interaction between JAK3 and IL2Rγ is necessary for JAK3-mediated leukemic transformation.
Interaction of IL2Rγ with JAK3 is required for transformation of leukemic cells harboring activating JAK3 mutations Previous studies have shown that IL2Rγ interacts with the JAK3 FERM domain at tyrosine 100 residue of JAK3. 13 To understand whether the interaction between JAK3 and IL2Rγ is necessary for the transformation of activating JAK3-mutation-positive cells, we created double mutants harboring both Y100C and the activating mutations in the same allele of JAK3 (JAK3 
DISCUSSION
The success of targeted therapies utilizing monoclonal antibodies and small-molecule inhibitors in numerous malignancies has highlighted the potential of these agents for the treatment of cancer. However, precise implementation of these strategies requires a detailed understanding of the principal genetic targets involved in cancer pathogenesis in an individual patient. Cytokines and growth factor receptors signal through their specific ligands and regulate a number of cellular processes in normal and cancer cells. To establish the functional relevance of these receptors in cancer pathogenesis, we designed a novel functional siRNA screen targeting highly expressed cytokine and growth factor receptors in leukemia. When we designed the siRNA screen, our goal was to create a broad application for this assay across various malignancies for the identification of functionally important cytokine and growth factor receptors. Therefore, we selected those genes that were highly expressed in mononuclear cells of AML, B-cell ALL, T-cell ALL, chronic lymphocytic leukemia and myelodysplastic syndrome primary samples by gene expression analysis. Here, we provide a proof-of-principle example by utilizing an AML cell line to show the applicability of this functional siRNA screen to identify critical cytokine and growth factor receptors required for leukemia cell growth.
The activating mutations in JAK3 have been reported in various hematopoietic malignancies including AML, ALL and juvenile myelomonocytic leukemia 17, [19] [20] [21] [22] [23] [24] [25] [26] and in solid tumors including breast carcinoma and gastric carcinoma. 19 However, the molecular mechanism leading to the constitutive activation of JAK3 kinase is not well defined. Therefore to demonstrate the applicability of siRNA screening in identifying functionally relevant cytokine and growth factor receptors, we tested the CMK cell line derived from an acute megakaryoblastic leukemia patient harboring an activating JAK3 kinase mutation (JAK3 A572V ). 23 Utilizing this siRNA screen, we identified that CMK cell growth is dependent on IL2Rγ and showed that IL2Rγ regulates JAK3 kinase signaling in these cells. In addition, we found that CMK cell growth is partially dependent on CSF2RB. CSF2RB is a common beta-receptor for granulocytemacrophage colony-stimulating factor, IL-3 and IL-5 signaling, 28 and is known to regulate JAK2 and SRC signaling. High expression of CSF2RB has been previously implicated in AML pathogenesis. 29 Our data showed that CSF2RB regulates JAK2, but not mutant JAK3 kinase, in the CMK cells. Therefore we focused this study on the role of IL2Rγ. Interestingly, overexpression of IL2Rγ potentiated an oncogenic role of JAK3 by increasing the transforming potential of activating JAK3 kinase mutations. More importantly, the ablation of IL2Rγ completely abrogated the transforming potential of JAK3-activating mutations. These results suggested that IL2Rγ is necessary for JAK3-mediated transformation. Our results are consistent with the role of EPOR or TPOR in activation of JAK2 V617F mutant proteins in myeloproliferative neoplasms, which transduce hyperproliferative signals only in the presence of the JAK2-binding receptors EPOR or TPOR. 30, 31 Although it should be noted that activating mutations in JAK3 were able to transform parental BaF3 cells to IL-3-independence (Figure 3a) , this is likely due to the use of the endogenous IL2Rγ for scaffolding.
JAK3 is known to be activated by various cytokines including IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, as their specific cytokine receptors contain the IL2Rγ subunit as a heterodimerization partner. 12 Our results suggested that IL2Rγ-mediated JAK3 signaling in JAK3 A572V -positive cell lines is ligand independent, as activating JAK3 mutations induced colony formation with IL2Rγ in the absence of cytokines (Figure 3b) . Further, none of the specific α/β-cytokine receptor chains for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 were identified as 'potential hits' in our RNAi screen. However, we cannot completely exclude the possibility of having Role of IL-2 gamma receptor in leukemiatrace amounts of cytokine in the experimental system, which might be sufficient for ligand-dependent constitutive activation of JAK3 kinase signaling. We propose that IL2Rγ may be serving as a scaffold for direct interaction of JAK3, which enables the auto-and trans-phosphorylation by JAK1 as has been shown previously. 23 Further, we demonstrated that the constitutive activation of mutant JAK3 kinase by IL2Rγ not only induced canonical JAK3/ STAT5 signaling, but also induced additional signaling cascades of ERK and S6 signaling pathways. These results provide additional insights into our understanding of IL2Rγ-mediated JAK3/STAT5 signaling mechanisms.
In normal cells, JAK3 is thought to bind specifically and exclusively to IL2Rγ, which is primarily involved in lymphopoiesis and immune responses. 12 It has been shown that the membraneproximal region of IL2Rγ is essential for its association with JAK3. Specifically, the Y100 residue within the FERM domain of JAK3 is necessary and sufficient for its binding to IL2Rγ and to deliver downstream signals. 13 Our result suggests that, although IL2Rγ-mediated regulation of JAK3 activation is ligand independent, the oncogenic potential of this complex still requires JAK3 interaction with IL2Rγ as a mutation in the FERM domain of JAK3 (Y100C) completely abrogates JAK3-mediated leukemic transformation. In addition our data suggests that IL2Rγ and JAK3 reciprocally regulate their expression both at the RNA and protein levels. Interestingly, we found that association between JAK3 and IL2Rγ was critical for their expression, as mutation in JAK3 at Y100C reduced expression of JAK3 and IL2Rγ as compared with the wildtype control. Furthermore, activating mutations in JAK3 increased both JAK3 and IL2Rγ levels. However, it is not clear whether the increased expression of activated JAK3 mutant and IL2Rγ is a cause of the mutations or an effect of JAK3 activation. It is possible that activation induces an allosteric change that stabilizes JAK3. These results are consistent with previous studies where JAK kinase family members have been reported to regulate plasma membrane expression of their cognate receptors. 30, 32 Previous studies have reported activating JAK3 kinase mutations in various hematopoietic malignancies. 19, 20, [22] [23] [24] [25] [26] However, targeted treatment options are limited for patients with activating JAK3 mutations. Several small molecule kinases inhibitors (CP-690, 550, R348 and VX509) targeting the JAK3 kinase at the level of the ATP-binding pocket have been reported. 33 Some of these inhibitors have been tested in hematopoietic malignancies 34 and inflammatory diseases; 35 however, none have been clinically approved (reviewed in Kontzias et al. 36 ). We think that the finding of constitutive activation of multiple signaling pathways and reciprocal regulation of IL2Rγ and JAK3 by direct interaction is clinically relevant for rational design of therapeutic strategies. Our results support further investigation into therapeutic strategies that directly block the interaction between JAK3 and IL2Rγ, similar to how the mutation in Y100C inhibits constitutive activation of JAK3-mediated signaling. Therefore a small-molecule inhibitor targeting interaction of the FERM domain of JAK3 with IL2Rγ would be able to block constitutive activation of JAK3 kinases irrespective of kinase domain mutations. This approach may also be applicable to other JAK kinases, given JAK2 activity is also regulated by the FERM domain through direct interaction with its cognate receptors. 30, 37 Overall, these results demonstrate that IL2Rγ has an onogenic role in JAK3-mutation-positive leukemias and provides an excellent proof-of-principle example, whereby a functional screening methodology facilitated identification of a receptor regulating mutant JAK3 kinase activity. We established that functional screening with an siRNA library targeting cytokine and growth factor receptors is an efficient and useful approach that can identify known and unknown therapeutic targets in malignant cells. These targets can then in turn provide additional insights into the identification of signaling mechanisms or can serve as an alternative target for therapeutic intervention. Using this functional profiling approach, we also demonstrate that oncogenes are not limited to mutated genes in malignant cells. Taken together, we have shown that an RNAi-based functional screen for nonkinase cytokine and growth factor receptors can rapidly identify novel oncogenic pathophysiological mechanisms, underscoring the importance of targeting cellular growth factor receptors in leukemia. N = 10) . Gene expression analysis was conducted using a GeneChip Affymetrix (Santa Clara, CA, USA) Human Genome U133 (HG-U133A & B) array, NCBI Gene Expression Omnibus accessions GPL96 and GPL97, with 439 000 transcripts. After signal quantification, the resulting data were pre-processed and normalized within each disease subtype using Robust Multi-array Average using R Bioconductor (http://www.bioconductor.org/). 38 These gene expression data have been deposited to NCBI's Gene Expression Omnibus and are accessible through GEO series accession number GSE51082 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?token = edmdqoourhebtyz&acc = GSE51082).
Microarray data-filtering criteria for designing siRNA screen For individual patient samples, expression of each gene was compared with the average gene expression of the 100 normalization control probe sets (provided by Affymetrix). Genes with expression level higher than the average expression of normalization control probe sets were identified for each sample. We conventionally designated these genes as well expressed in these samples. If the individual gene was identified as well expressed for all samples in a subtype of disease, this gene passed the first filtering criteria. In our hands, this is a very stringent criteria. For example, the probability of falsely identifying a gene expressed in AML (N = 38) is 1.30E − 6 even if the true probability of it being well expressed is only 0.3. In other words, the probability of passing the first criteria is 1.30E − 6 when the genes with higher expression than the average expression level for control probe sets have only a 30% chance of being a true well-expressed gene. In addition, the probability of false identification for myelodysplastic syndrome, which is the smallest subtype of disease (N = 10), is 0.0282. The probability of false identification is defined by the probability of a gene passing the filtering criteria when a gene is not well expressed. Those genes that passed the first criteria were ranked by average expression of each subtype of disease, and the top 15% genes from all tested disease subtypes were selected and pooled for inclusion. These genes were designated as highly expressed genes. This list was manually curated and also included 5% known cancer-related genes. 2, 3, 39, 40 siRNA knockdown CMK cells were obtained from the Leibniz Institute DSMZ-German collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Cells were maintained in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin at 37°C in 5% CO 2 . Cell lines used in this study were not cultured for longer than 6 months from initial purchase or characterization. For siRNA knockdown, cells (1 × 10 5 /well) were electroporated at 200 V, with 2 pulses of 1.5 ms in two separate 96-well electroporation plates (Bio-Rad Laboratories, Hercules, CA, USA) containing 0.1 nM of individual gene siRNAs per well in 100 μl of siPORT buffer (120 mM Trehalose, 20 mM HEPES, 1 mM Myo-Inositol, 1 mM KCl, 1 mM MgCl 2 , 1 mM K 2 HPO 4 , 0.4 mM KH 2 PO 4 , 2.14 mM KOH and 1 mM Glutathione) as described previously. 41 siRNA utilized for the study are a pool of four individual siRNAs (siGENOME SMARTpool format from Thermo Scientific, Pittsburgh, PA, USA). Cells were cultured in triplicate for 96 h and subjected to a cell viability assay (MTS assay-CellTiter; 96 AQueous one solution, Promega, Madison, WI, USA). All values from the MTS assay were adjusted to a blank control and normalized to the median value for all wells on the plate. Effective hits were considered those that robustly decreased cell viability to levels below two s.d. of the median value for the plate. Apoptosis was measured by AnnexinV+ staining (Guava Technology, EMD Millipore Corp, Billerica, MA, USA).
Plasmid constructs
JAK3 was cloned into the MSCV-IRES-GFP vector and IL2Rγ was cloned into a Gateway compatible pMXs-IRES-Puromycin vector. pMXs-IRES-Puromycin vector was purchased from Cell Biolabs, Inc. (San Diego, CA, USA) and made gateway compatible using Gateway Conversion kit (Life Technologies, Grand Island, NY, USA) Site-directed mutagenesis was performed using the QuikChange IIXL kit (Agilent Technologies, Santa Clara, CA, USA).
Retroviral infection and IL-3 withdrawal assay
Ba/F3 cells were cultured in standard media containing RPMI 1640 media, 10% fetal bovine serum, L-glutamine, penicillin-streptomycin (Life Technologies) containing IL-3 from WEHI-conditioned media. JAK3-GFP mutant and IL2Rγ retrovirus was generated by transfecting 293T/17 cells with EcoPac helper plasmid (a kind gift from Dr Rick Van Etten, Tufts University, Boston, MA, USA) and murine stem cell virus retroviral constructs using Fugene (Roche Diagnostics Corp., Indianapolis, IN, USA). For infection, 1 ml of viral supernatant was used to infect 1 × 10 6 cells using two rounds of spinoculation in the presence of 5 μg/ml polybrene and HEPES at 2500 r.p.m. for 90 min. Cells were cultured for several days, followed by sorting of double-positive cells using FACSAriaII (BD Bioscience, San Jose, CA, USA) for JAK3 and IL2Rγ expression gated on GFP and anti-human IL2Rγ-PE (BioLegend, San Diego, CA, USA), respectively. Equal density of stable cell lines plated in medium lacking WEHI-conditioned medium (source of IL-3) and total viable cells were counted every other day for 3 weeks.
Colony assays
Bone marrow cells were harvested from 6-week-old B6.129S4-Il2rg tm1Wjl /J mice (Jackson Laboratory, Bar Harbor, ME, USA). Cells were subjected to red cell lysis in NH 4 Cl solution (0.8% NH 4 Cl with 0.1 mM EDTA). Lineage cells were enriched using a Lineage Cell Depletion Kit according to the manufacturer's protocol (Miltenyi Biotech, San Diego, CA, USA). Cells were pre-stimulated at 37°C in Dulbecco's modified Eagle's medium with 15% fetal calf serum, 15% WEHI-3B, murine IL-3 (7 ng/ml), IL-6 (12 ng/ml) and SCF (56 ng/ml) (Stem Cell Technologies, Vancouver, BC, Canada). JAK3 mutants and IL2Rγ retroviruses were generated as described above. After 24 h, the cells were spinoculated into six-well plates with viral supernatant in pre-stimulation medium in the presence of 5 μg/ml polybrene and HEPES at 2500 r.p.m. for 90 min. This was repeated at 48 h. Cells expressing JAK3 and IL2Rγ were doubly sorted by fluorescence-activated cell sorting, gated on GFP (JAK3) and anti-human IL2Rγ-PE (BioLegend). Cells (1 × 10 4 ) per 35-mm dish were plated in triplicate in methylcellulose medium in the absence of cytokines (MethoCult M3234, Stem Cell Technologies). Colonies were scored following 8 days of incubation at 37°C in 5% CO 2 .
Immunoblotting
Whole-cell lysates from cells were prepared in 1 × lysis buffer (Cell Signaling, Boston, MA, USA) and 1% protease and phosphatase inhibitors (Sigma Chemicals, St Louis, MO, USA). Equal amounts of protein (50-100-μg) were fractionated on 4-15% Tris-glycine gels (Bio-Rad), transferred to polyvinylidene difluoride membranes, and probed with the indicated antibodies. Antibodies used for immunoblotting were: JAK3, pJAK3, IL2Rγ and CSF2RB (Santa Cruz Biotechnology, Dallas, TX, USA), pJAK1, JAK1, STAT5, pSTAT5, AKT, pAKT, ERK1/2, pERK1/2 (Cell Signaling, Beverly, MA, USA) and α-tubulin (Sigma Chemicals).
Quantitative reverse transcriptase-PCR analysis CMK cells were transfected with the indicated siRNA. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Complementary DNA was synthesized using Oligo(dT)-primers with SuperScript-First-Strand Synthesis kit (Invitrogen, Carlsbad, CA, USA). Complementary DNA was amplified with Opticon-3 thermal cycler (MJ Research, Waltham, MA, USA) using 2 × SYBR Green (Invitrogen). Primers used were as follows: JAK3 forward: 5′-GGCCCCATCACTCTGGACT -3′, JAK3 reverse: 5′-GCCCTTATAATCAGGACCAAGG-3′, IL2Rγ forward: 5′-C CACAGCTGATTTCTTCCTGA-3′; IL2Rγ reverse: 5′-GCAGAGTGAGGT TGGTAGGC-3′, GAPDH forward: 5′-TCCTGCACCACCAACTGCTTAG-3′ and GAPDH reverse: 5′-GGCATGGACTGTGGTCATGAG -3′.
Statistical methods
For siRNA knockdown experiments, a two-tailed Student's t-test was carried out for each well in comparison with pooled nonspecific siRNA controls. For proliferation and apoptosis assays, continuous variables were compared by pairwise Student's t-test for two independent samples. A P-value o0.05 was considered statistically significant.
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